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Abstract: Urban green space, comprising parks, fields, woodlands, and other semi-natural areas,
is a fundamental component of urban ecosystems. The determination of the relationship between
urban green space and urban sprawl is necessary to understand urbanization and the provision of
urban ecosystem services. It has been hypothesized that the center of urban (i.e., population and
economic) areas in fast-growing cities would migrate toward urban green space over time. To test this
hypothesis, urban expansion and urban green space expansion were examined in five cities in China
and five cities in the U.S. that were experiencing high rates of growth. Landsat images of those cities
from 2000 to 2017 were combined with annual population and economic data and used to quantify
the extent and migration of the urban green space. These data were analyzed using the center of
gravity method by Grether and Mathys and circular statistics were used to determine the relationship
between urban green space and urban expansion. Eight out of the ten cities showed a divergent
pattern, i.e., the population and economic centers moved in a different direction to that of the urban
green space. The movement of the mean centers of the urban green spaces in the U.S. cities was more
consistent than that of the Chinese cities. Over 18 years, the movement of urban green space and
urban expansion in the 10 cities showed a synchronous growth trend; however, the proportion of
urban green space in the cities decreased. The urban expansion rate exceeded the population growth
rate, which led to problems with an unreasonable urban sprawl that is likely to deplete the provision
of ecosystem services in the future. In conclusion, the centrifugal forces of urban green space that
lead to the movement of population and economic centers away from green spaces play a larger role
in urban change than the centripetal forces that pull these centers toward urban green space.

Keywords: urban green space; urban sprawl; Landsat images; center of gravity

1. Introduction

Urban green space includes parks, nature preserves, wild areas, and amenity lands
that are located in a city [1]. These areas are important features of urban ecosystems and
have important effects on the control of urban growth and the improvement of the urban
ecological environment and quality of life in urban areas [2–4]. Urban green space also
has the function of regulating and improving the urban ecosystem and is the main place
for the daily leisure activities of local residents [5]. After the process of “development
first, governance later”, London, Tokyo, Singapore, and other cities in developed industrial
countries and regions have devoted great importance to the role of urban green space
within urban development and have formulated urban green space planning, which has
achieved remarkable results [6,7]. It was not until the late 1970s that China put forward
the urban green space policy of “connecting pieces into clusters and combining dots, lines
and surfaces”, after which, urban green space construction entered a period of rapid
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development [7,8]. Despite this, the relationship between urban green space and urban
development is still controversial [9–11]. This controversy is manifested among planners,
private landowners, and different agencies in terms of setting urban green space standards
and development patterns in urban areas [12]. Many critics have argued that the quality of
urban green space is more important than quantity [2,10,13]. It is particularly important
to balance the relationship between economic growth, quality of life for the residents,
environmental protection, and the distribution of land for various functions in order to help
to guide healthy and sustainable urban development within overall urban planning [4].

Cities are spatial locations in which humans are the main body, space utilization is the
physical characteristic, and the integration of economic benefits and social progress is the
purpose [14]. In developed countries, urban sprawl is mainly manifested in the decentral-
ization and spread of low-density populations from cities into rural areas [15]. However, in
China, urban sprawl is mainly manifested in the expansion of urban boundaries, which is
brought on by the rapid growth of the urban economy and population [16]. Early research
has suggested that socioeconomic activities, such as tax policies, bank loans, and population
growth, were the major causes of urban development [5,13,17–19]. As people pay more
and more attention to the urban environment, it has been found that urban green space
not only affects urban spatial structures but also isolates and connects urban spaces [12].
Urban landscapes can only play a positive role in the control of urban expansion with
the active participation of people [20–22]. The expansion of urban green space, industry,
residential areas, and other components of urban space promotes the outward extension
of the peripheries of urban areas [17,23,24]. Nevertheless, there is still a lack of in-depth
research on the internal mechanisms of urban green space and urban expansion.

Urban green space (UGS) is a crucial component of built-up urban areas that directly
affects urban structures and expansion [25,26]. The new economic geography, which
emerged in the 1990s, has used mainstream economic methods to analyze the spatial
locations of economic activities and has led to in-depth discussions on the formation and
expansion of cities [27,28]. Although there has been abundant research on urban expansion
from the perspective of the new economic geography [6,9,24,27,29,30], the impact of urban
green space on the spatial distribution of economic subjects have rarely been considered
comprehensively [31].

2. Theoretical Analysis of Urban Green Space and Urban Expansion
2.1. Urban Expansion from the Perspective of the New Economic Geography

The history of urban development in the U.S. can be divided into two stages: central-
ized urbanization and diffusion urbanization [32]. Between 1850 and the two world wars,
the development of cities was compact, and the centers of cities made up the concentrated
area of finance and manufacturing [32,33]. At that time, Chinese cities and urban green
space were going through war and were developing very little [32]. During the later pe-
riod, the urban development pattern in the U.S. changed little, but the urban boundaries
expanded to the suburbs [34]. From the two world wars to the present, the development
of cities has been polycentric and decentralized [35]. Urban populations have gradually
shifted to the suburbs, and the nature of the suburbs that are located around the cities
has changed [33,36]. Cities have developed into polycentric metropolitan areas, and the
most usual urban spatial form has become urban agglomerations or urban belts, while
cities in China have shown a trend of centralized development, which has supported the
expansion of the population and the deterioration of urban green space and the ecological
environment [36].

Urban expansion is the result of the interaction between centripetal and centrifugal
forces, which determine the spatial distribution structure of the industry, capital, and
market size [8,37,38]. The centripetal force mainly comes from the market proximity
effect and the cost-of-living effect: the market proximity effect means enterprises prefer to
concentrate in cities with a large market size because a large demand market is conducive
to product sales so that enterprises can achieve economies of scale [8,38,39]. By contrast,



Sustainability 2022, 14, 5396 3 of 17

the centrifugal force mainly comes from market congestion effects, land rent increases,
environmental degradation, and other factors [8] and leads to the movement of different
types of urban centers away from each other.

With the continuous development of cities, enterprises and populations continue to
increase, leading to the intensification of competition among enterprises, traffic congestion,
and rent increases [8]. The intensification of enterprise development and an increase in
population results in environmental pollution and climate deterioration. The impacts of
changes in populations, economy, and the deterioration of the environment may lead to
an increase in production costs of enterprises, a decline in profit margins, an increase
in the living costs of people, and a decrease in overall utilities, increasing centrifugal
forces [8,25,40,41]. When the centripetal force is greater than the centrifugal force, that is,
the benefits brought by the urban agglomeration economy are greater than the costs paid
by enterprises or people in urban production and living, the urban population density
and number of enterprises will further increase, and the demand for urban land will also
increase [31,40]. Consequently, the urban population will migrate, forming new cities or
suburbs between cities and the countryside.

Based on the above discussion, the new economic geography constructs a dynamic
mechanism from micro individual economic decision making to macro locations [42].
This mechanism provides a theoretical basis for this paper to explore the relationship
between urban green space and urban space expansion from the perspective of individual
benefit maximization. Understanding this relationship is of practical significance for urban
planning and regional development, improving urban ecology and people’s livelihood.
Existing in the research of new economic geography, the term “city-scale” mainly refers
to the scale of economic activity, embodied in the size of the population, industry, and
market [35,42]. The expansion of economic activity is necessary for cities to continue
to expand in space, matching the new economic geography. This paper introduces the
influence of urban green space on urban expansion.

2.2. The Internal Mechanism of Urban Green Space Influencing Urban Expansion

As an important public good in built-up areas, urban green space has an externality
on residents and production activities that surround the green space, and this externality is
regional [25,33]. In other words, residents in a certain geographical area are affected more
than residents outside this area. It is assumed that the migration of suburbanites to the
“core area” will lead to changes in prices and costs, wage levels, along with the externality
of urban green space as a public good [33,40]. Urban green space has agreeableness and a
public infrastructure condition that is superior to the suburbs, thus forming a centripetal
force [36,43]. The centripetal force increases with the increase in the urban green space
area [25]; however, as urban green space is not exclusive and competitive as a public good,
the centripetal force of green space decreases with the population growth of the “core area”,
such as an area with high population densities [14,15]. The availability of urban green space
in cities can affect the price of living spaces and residential areas. The distance between
housing areas and green spaces such as urban parks have a negative relation; as you move
farther from park areas, housing prices decrease [44]. High-income people and groups
with a high willingness to pay can stay in the built area around the green space, and those
unwilling to pay for green space, however, move to the suburbs [15,44]. In addition, an
increase in urban green space reduces the available residential area in built-up areas, and
the growing urban population requires the continuous expansion of urban space to meet
the living needs of its citizens. There is thus a complex set of socioeconomic forces acting
on the spatial dynamics between urban population centers and green spaces [44].

2.3. Linking Theory to Existing Research

Rapid urbanization has transformed the fundamental relationship between cities and
their green space [45]. The geography of urbanization is moving in multiple dimensions
which are changing the economic, social, cultural, and environmental aspects of soci-
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ety [29,45]. These dimensions of urbanization, such as demographic, economic, social, and
environmental dimensions, are complex, and how they interact with each other remains a
question [45]. Thus, based on the theory of new economic geography, the inner pattern of
urban green space and urban spatial structure was studied. Landsat satellite and urban
land data from ten rapidly growing cities in China and the U.S. from 2000 to 2017 were used.
The objective of this study was to explore shifts through time in urban green space and the
population and economic centers. This analysis allowed an assessment of the relationship
between urban spatial evolution and land development. An understanding of this relation-
ship allowed recommendations to be made for improving urban ecosystem development
and the optimization of urban space layout along with proposed policy recommendations.

3. Data Sources and Research Methods
3.1. Data Sources and Study Areas

Population and income data for the U.S. cities were acquired from the U.S. Census
Bureau (https://www.census.gov/, 15 February 2020). The Census Bureau hosts suites
of socio-economic data including population and economic data. Spatial data related to
population and economy were also downloaded from the Census Bureau. Population, and
income data for the Chinese cities were acquired from the annual statistical yearbook of
Chinese cities, which includes the year-end population and local GDP of each district in each
city (http://www.stats.gov.cn/, 15 February 2020). Population data and economic (GDP)
data were obtained from national geographic information and statistics databases from 2000
to 2017 for 10 cities in China and the U.S., namely Chengdu, Guangzhou, Nanjing, Wuhan,
Xian, Atlanta (Georgia), Denver (Colorado), Columbus (Ohio), Harrisburg (Pennsylvania),
and Phoenix (Arizona) (Figure 1). These cities in China and the U.S. were chosen because
they are representative of areas experiencing population growth and significant changes in
land use and land cover. In addition, the U.S. cities were chosen to represent five regions
of the U.S.: the northeast, southeast, midwest, southwest, and west. In China, the cities
cover the following regions: central, south, east, southwest, and northwest, and they are
representative of China’s capital cities. China and the U.S. are both economically large but
have very contrasting policies with regard to the management urban growth, economy,
and environment. The governance systems of both the countries are different: China
governance is top-down, whereas the U.S. has a decentralized governance system [46].
Thus, it is worth comparing the relationships among the population, economy, and green
space mean centers of countries with such fundamentally different polices.
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The population, economics, and green space data were available at the district level
for the Chinese cities, whereas the U.S. cities had very high-resolution data at the census
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block level based on aerial coverage. To make these data spatially comparable, the U.S.
city’s block-level data were merged into a 5 by 5 grid, as explained in the following section.

Landsat scenes for each city were downloaded from the USGS website (https://www.
glovis.usgs.gov, 15 April 2020). Gap filled [47] Landsat 7 ETM+ was used for 2000, 2005,
and 2010. For 2015 and 2017, Landsat 8 OLI scenes were used. These data were acquired for
each year of the analysis for the summer season to capitalize on the spectral reflectance that
occurred due to the greenness of the vegetation. Images with less than 20 percent cloud
cover were selected for analysis. The Landsat images had a 30 m resolution and spectral
resolution, as shown in the Supplementary Table (Table S2).

3.2. Data Preparation

Population and economic data for the U.S. cities were first spatially joined at the census
block group level using ArcGIS 10.4. To make these data comparable to the district-level
data of the Chinese cities, a five-by-five row–column grid was overlaid over each city
examined in the U.S. using the fishnet tool of ArcGIS 10.4. All the census block groups
within a grid were merged to form a single unit of analysis. The census block groups with
a coverage of 75 percent within the grid were also taken as a single unit; if they were less
than 75 percent, they were merged into the adjacent grid. All the cities examined in the U.S.
were divided into 5 to 13 such grid units depending upon the size of the city.

Similarly, Landsat data for all of the years were initially preprocessed for atmospheric
and radiometric correction. All cloud, shadow, and other water vapor pixels were identified
using the Fmask algorithm, and a neighborhood similar pixel interpolator algorithm was
applied to fill the clouds, shadows, and water vapor pixels [48].

3.3. Green Space Classification

The green space in this study included all vegetation: grasses, shrubs, trees, and
agriculture. The vegetation may have been roadside trees, trees surrounding residential
buildings, and parks. Although it is possible to isolate agriculture from parks and other
green spaces, it was included in the analysis because urban agriculture also offers green
space and has value in ecosystem services. These agricultural areas usually exist on
the outskirts of peri-urbans area and contribute to environmental, social, and economic
functions [49]. To classify the green space, the normalized difference vegetation index
(NDVI) in ENVI 5.3 was calculated. With the help of the NDVI and other ancillary data
such as high-resolution aerial photographs and Google Earth, training samples for each
city for green space and non-green space (e.g., built-up areas, water, wetland, and barren
land) were created. Using training samples, green and non-green space was classified in
each city using a support vector machine (SVM) algorithm. An SVM is a binary classifier
that classifies data based on hyperplanes [50]. The extracted green space was processed
in ArcGIS 10.4, including raster rotation vector, calculation of the center of gravity, and
mapping of the center of gravity to obtain the line graph of the center of gravity migration
of green space.

3.3.1. The Center of Gravity Model

The center of mass is the point through which all the combined forces of gravity that
make up the fulcrum of an object in a gravitational field pass in any direction [51–53]. The
center of mass of a uniformly dense object is its geometric center, but the center of mass
does not have to be on the object [52]. The physical center of gravity can be generalized to
find the abstract “center of gravity” by establishing a GIS database with the center of the
gravity model [53]. The migration path and distance of the center of gravity over time can
then be determined. Based on the concept of gravity center and gravity model in mechanics,
in this paper, we explored the spatio-temporal evolution path of economic, population, and
green space gravity centers in China and the U.S. from 2000 to 2017 using a gravity center
weighting method [51,53–56], where:

https://www.glovis.usgs.gov
https://www.glovis.usgs.gov
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X =
∑n

i=1 MiXi

∑n
i=1 Mi

(1)

Y =
∑n

i=1 MiYi

∑n
i=1 Mi

(2)

X and Y, respectively, represent the longitude value and latitude value of a certain
attribute of the research area.

Xi and Yi represent the longitude and latitude of an attribute in the ith subregion,
respectively, and Mi represents the same attribute value in the ith subregion.

The urban center of gravity is the base point and core area of urban development and
expansion [52]. The migration direction of the urban center of gravity is the same as that
of urban expansion [51,52]. Under the research framework of new economic geography,
the migration direction of the population center of gravity and the economic center of
gravity represents the migration of the urban center of gravity [51]. Based on the above
Equations (1) and (2), the coordinates of centers of gravity of population, economic, and
green space were calculated for all 10 cities in the U.S. and China between 2000 and 2017.

3.3.2. Correlation and Watson–Williams Test

The gravity center formula in Equations (1) and (2) produces mean latitude and
longitude in decimal degrees. These decimal degrees were then converted into radian
(Cartesian coordinates) to treat these latitude and longitude values as circular data. The
annual mean of these latitude and longitude values were plotted as a line chart, and then the
17-year mean was also plotted in a line chart to determine the mean direction of movement
between 2000 and 2017. Circular correlation and Watson–Williams tests were conducted to
determine if the mean centers of gravity were associated and moving towards the same
direction using the circular package of R [57,58]. The correlation was performed between
population center, green space center, and economic center after converting latitude and
longitude into Cartesian coordinates. The circular correlation is equivalent to Pearson’s
linear correlation, which can be calculated using Equations (3) and (4), shown below, where
n is sample pairs of angles with s (a11, a21), (a12, a22), (a1n, a2n), and T11 and T22 are the
mean directions of the first and second variables, respectively [59]. The correlation was
calculated using the circular package (function:cor.circular) in R software.

rc =
∑n

k=1 sin(a1k − T1,1) sin(a2k − T2,1)√
∑n

k=1 sin2(a1k − T1,1)∑n
k=1 sin2(a1k − T1,1)

(3)

The Watson–Williams test allows to test whether the mean directions between two
or more variables are equal [60]. In other words, it tests for the homogeneity of mean
directions and is equivalent to ANOVA for linear data [57,60]. This test assumes that
the variables of interest are based on von Mises distribution with equal concentrations
but are fairly robust against deviation from the assumption [60]. The test statistics can
be calculated as follows (Equation (4)), where R is a mean resultant vector length of all
samples together and Rj is the resultant vector length of the jth group. The use of the mean
resultant vector of all variables and individual variables resembles the calculation carried
out in ANOVA considering total variance and within-group variance. The correction factor,
K, is computed from maximum likelihood estimates of the von Mises distribution with
resultant vector length.

F = K
(N − S)(∑S

J=1 Rj − R)

(S − 1)(N − ∑S
J=1 Rj)

(4)

The test statistic was calculated in R using a circular package with the function Watson–
Williams test.
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4. Results
4.1. Population and GDP Trend of the U.S. and Chinese Cities

Overall, the population and GDP of all 10 cities increased from 2000 to 2017 (Table 1).
The increase in both population and GDP was slower in the U.S. cities than that in the
Chinese cities. The city which grew the most between 2000 and 2017 both in terms of
population and GDP in the U.S. was Atlanta, GA. The Chinese city which grew the most in
terms of population was Chengdu, whereas Wuhan grew most in terms of GDP (Table 1).

Table 1. Population, GDP, and available green space of 10 cities in the U.S. and China between 2000
and 2017.

Items Year Atlanta Columbus Denver Harrisburg Phoenix Guangzhou Chengdu Wuhan Xian Nanjing

Population
(Million)

2000 3.52 1.16 1.99 0.37 2.92 7.01 10.13 7.46 6.88 5.45
2005 4.00 1.25 2.18 0.40 3.27 7.51 10.82 8.01 7.47 6.90
2010 4.54 1.37 2.39 0.45 3.65 12.70 11.49 8.37 8.47 8.00
2015 5.16 1.51 2.61 0.49 4.07 13.50 14.66 10.61 8.70 8.23
2017 5.43 1.57 2.70 0.52 4.26 14.50 16.04 10.89 9.05 8.34

GDP
(Billion
USD)

2000 209.74 69.19 108.45 27.33 123.78 28.78 15.82 14.58 7.80 12.32
2005 255.97 82.60 123.11 30.25 166.61 61.81 28.65 27.04 15.88 29.15
2010 268.74 90.07 140.27 31.25 174.79 155.49 81.40 80.88 47.53 73.47
2015 340.33 115.96 183.53 34.58 216.25 290.61 173.42 175.09 93.28 156.07
2017 380.22 124.07 201.95 35.02 238.93 318.48 205.71 215.31 110.63 173.51

Green
space area

(Km2)

2000 5395.93 1197.93 1155.46 1096.41 2575.01 2829.17 7854.95 1258.22 6023.67 2643.68
2005 4867.74 1143.27 1010.73 1068.62 2309.75 2945.82 10397.32 3413.11 7094.79 4462.70
2010 5434.59 1230.99 1234.33 1110.14 2820.03 3444.98 6285.24 3471.56 7221.20 4074.70
2015 4689.64 1085.65 1018.64 1037.12 2165.38 3750.98 8256.77 3072.44 7568.82 2128.72
2017 4598.87 1082.82 1018.22 1036.66 2164.48 3819.49 9790.53 3547.23 6935.78 3045.05

Total Area
(Km2) 9013 2285 2509 1627 4555 7434.40 14321.00 8594.00 10,096.81 6587.02

Note: CNY average exchange rate against USD for the study year.

The trend of green space was opposite between the cities of the U.S. and China. It was
observed that the proportion of green space in the U.S. cities decreased, whereas in the
Chinese cities, it increased (Table 2), based on the year 2000 as a baseline. The green spaces
derived using Landsat images of 2000 and 2017 are presented in Figures 2 and 3.
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Table 2. The ratio between green space and the total area of the urban areas.

Year Atlanta Columbus Denver Harrisburg Phoenix Guangzhou Chengdu Wuhan Xian Nanjing

2000 0.60 0.52 0.46 0.67 0.57 0.38 0.55 0.15 0.60 0.40

2005 0.54 0.50 0.40 0.66 0.51 0.40 0.73 0.40 0.70 0.68

2010 0.60 0.54 0.49 0.68 0.62 0.46 0.44 0.40 0.72 0.62

2015 0.52 0.48 0.41 0.64 0.48 0.50 0.58 0.36 0.75 0.32

2017 0.51 0.47 0.41 0.64 0.48 0.51 0.68 0.41 0.69 0.46

4.2. Center of Gravity Analysis of the U.S. and Chinese Cities

In 8 of the 10 U.S. and Chinese cities studied, the population and economic centers of
gravity moved in similar directions (Figures 4 and 5). The exceptions were Denver in the
U.S., where the population center was moving southeast, whereas the economic center was
moving towards the northeast, and Xian in China, where the population center was moving
towards the southwest, whereas the economic center was moving towards the northeast.

The center of gravity of the green space did not show similar patterns to the population
and economic centers. Only in Wuhan was the center gravity of green space moving in the
same direction as that of the population and economic centers; approximately northwest.
(Figures 4–6). In seven of the cities, the centers of gravity of green space were moving in
the opposite direction of the population centers (Figures 4–6). In the two Chinese cities of
Chengdu and Nanjing, the center of gravity of the green space was moving in a direction
approximately 45◦ off from that of the population and economic centers.

The direction of centers of gravity of population and economy showed similar direc-
tional movement among most cities; however, the total distance moved by these centers
from 2000 to 2017 varied from city to city (Table 3). In the U.S., the largest distance moved by
the population center of gravity was in Denver with a distance of 3.09 km (0.62 ± 0.35 km,
mean per year ± SE), the largest movement of the economic center of gravity was 5.53 km
(1.11 ± 0.87 km) in Atlanta, and largest movement of the green space center of gravity was
4.74 km in Phoenix (0.95 ± 0.43 km). By contrast, the distances were larger in China. The
largest distance covered by the population center of gravity was in Nanjing with a distance
of 13.46 km (2.69 ± 1.53 km), the largest movement of the economic center of gravity was
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17.16 km (3.43 ± 1.39 km) in Chengdu, and the largest distance moved by the green space
center of gravity was 58.41 km (11.68 ± 5.08 km) in Chengdu. The total distance covered
by the gravitational centers of the cities of the U.S. was always lower than the distance
covered by the centers of the Chinese cities (Table 3).

Table 3. Distance and trajectory (direction) of movement of population, economic, and green space
centers of five Chinese and five U.S. cities over 18 years.

Population Center

City Mean ± SE
Distance (km)

Total Euclidean
Distance (km)

Crow Flight
Distance (km)

Mean Direction
(Degrees)

Atlanta 0.51 ± 0.22 2.54 1.81 74.71

Columbus 0.21 ± 0.09 1.04 1.01 86.43

Denver 0.62 ± 0.35 3.09 1.26 349.21

Harrisburg 0.18 ± 0.14 0.91 0.70 143.461

Phoenix 0.47 ± 0.33 2.36 0.26 315.95

Guangzhou 2.48 ± 2.23 12.41 11.26 25.388

Chengdu 1.94 ± 1.33 9.70 9.16 347.41

Wuhan 0.68 ± 0.48 3.42 3.14 225.724

Xian 1.47 ± 0.53 7.34 1.68 195.58

Nanjing 2.69 ± 1.53 13.46 11.62 103.38

Economic Center

Atlanta 1.11 ± 0.87 5.53 5.03 73.26

Columbus 0.35 ± 0.24 1.73 1.37 94.79

Denver 0.26 ± 0.11 1.32 0.40 76.96

Harrisburg 0.72 ± 0.38 3.58 0.55 183.77

Phoenix 0.68 ± 0.55 3.42 3.30 353.51

Guangzhou 1.67 ± 1.05 8.34 6.63 1.08

Chengdu 3.43 ± 1.39 17.16 12.22 3.64

Wuhan 1.80 ± 0.93 9.02 8.09 216.64

Xian 2.82 ± 2.25 14.12 10.62 28.25

Nanjing 2.67 ± 1.36 13.35 12.64 96.89

Green Space Center

Atlanta 0.75 ± 0.29 3.76 0.82 252.33

Columbus 0.26 ± 0.12 1.30 0.47 320.12

Denver 0.59 ± 0.24 2.94 1.23 287.49

Harrisburg 0.13 ± 0.05 0.67 0.26 7.50

Phoenix 0.95 ± 0.43 4.74 1.60 6.86

Guangzhou 7.37 ± 2.95 36.86 4.32 296.32

Chengdu 11.68 ± 5.08 58.41 12.88 115.13

Wuhan 6.20 ± 3.74 31.01 18.66 218.50

Xian 3.45 ± 1.38 17.23 7.41 182.42

Nanjing 11.44 ± 4.45 57.20 6.66 193.83
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The spatial movement of distance by population, economic, and green space centers
from one period to other are presented in the supplemental information (Supplemental
Figures S1 and S2). The temporal trend in the spatial distance of all the cities in the U.S.
and China increased except for in Denver, Phoenix, and Guangzhou. The temporal trend
in the spatial distance of the economic centers increased in all the cities in the U.S. and
China except for in the city of Xian. Similarly, all the cities showed an increasing trend in
the spatial distance moved by the green space in the U.S. and China.

4.3. Relationship among Gravitational Center Directions

The mean directions of movement among the population, economic, and green space
centers between 2000 and 2017 were not correlated, except for a marginally positive correla-
tion between the population and economic centers of the cities (Supplemental Information
Table S1). However, Watson–Williams tests showed that there was a significant differ-
ence among all mean directions among all cities and all three types of centers of gravity
(F(9,20) = 6.04, p-value = 0.0004).

5. Discussion

The movement of the population gravity centers in China was further and faster than
in the U.S. (Table 1). This difference between the two countries may be because the U.S.,
as a developed country, has already reached a high level of development, and thus the
centers are now moving at a slow pace. By contrast, China, with a developing economy,
had faster-moving population centers than the U.S. A similar view is suggested by Wang
et al. [46], that showed a 60% population increase in metropolitan areas of China, but at the
same time, U.S. metropolitan areas experienced a 10.9% increase between 2000 and 2010.

The slower movement of all three gravity centers of the U.S. can also be explained
as due to the difference in development between China and the U.S. Chinese cities grew
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outward from the center (a centrifugal pattern), whereas the development pattern of the
U.S. cities was within the inner cities (filling gaps within the urban boundary). This process
of development may have a significant impact on centers of gravity. A similar development
pattern was observed by Kuang et al. [6], that compared megacity expansion patterns in
cities in the U.S.: New York, Los Angeles, and Chicago, and in China: Beijing, Shanghai,
and Guangzhou.

The population and economic centers of all cities in the study except Denver were
moving in the same directions. A similar pattern was expected between population and
economic centers based upon previous studies [17,24]. In some metro areas, following
the 2008 recession, the population kept increasing despite decreasing employment, which
can be considered a paradigm shift of urban growth [24]. The opposite trend between
population and economic centers can occur when employment declines and the population
keeps increasing, although the job market in Denver increased by about 10 percent between
2007 and 2017 [61]. The opposite trend between population and economic centers of gravity
was caused by the change in the core area of the Denver metro area. After 2003, Broomfield
County was added in the Denver metro area, and many census tracts were merged as a
part of census tract revision conducted by the Participant Statistical Areas Program (PSAP).

A pattern of the gravity center of green space moving with or towards population
and economic centers was not found. However, all three centers of gravity were moving
in similar if not the same direction in two cities, Phoenix (USA) and Wuhan (China). This
similarity between these two cities might be because both the cities have a physical/natural
barrier that limits their expansion. Phoenix, AZ is in the Sonoran Desert and has a rugged
terrain on one side of the metro boundary, including the Estrella Mountains to the south-
west, that limits expansion [62]. Similarly, Wuhan (China) is built along the Yangtze River,
the longest and largest river in China, which forms a natural barrier to the expansion of the
city [26]. Apart from building along the river, Wuhan is merged into a single city connecting
three different smaller cities: Wuchang, Hankou, and Hanyang, which might have played a
role in driving all three centers in a similar direction. Both cities are established along a
transport line, with Phoenix along a railroad and Wuhan along the Yangtze River, forcing
development along these transport lines. Apart from these physical barriers, a similar
trend of movement might be due to post World War policy relics, i.e., the encouragement
of the rapid growth of small cities followed by medium-sized cities and the control of the
growth of big cities that resulted in merging two or more cities to form a metropolitan
city [26,63,64].

The consistent rise and fall in the temporal trend of spatial distance from one mean
center to others may be because urban agglomerations and cities are both constantly
compacting and expanding due to development [54]. The decreasing trend of the spatial
distance of population in Denver, CO and Phoenix, AZ in the U.S. and Guangzhou in China
may indicate an imbalance between the population, development, and allocation of green
space in these cities.

In general, the functional layouts of the economic center (offices, hospitals, and other
revenue-generating organizations) are concentrated in the core urban area, but urban
housing and green spaces are further away from the core, which creates a spatial mismatch
between the movement of all three centers in the same directions [53]. As a result, in most
cases, the center of gravity of green space is not synchronized in the same direction as the
population and economic centers. The spatial mismatch of the population, economic, and
green space centers may be due to differences in urban planning processes between cities.
There is a clear difference between how urban planning is carried out in the U.S. and China.
In China, urban land use decision making is primarily carried out by government agencies
and land bureaus. While there are city planning regulations, public voiceshave a much
greater influence in the planning process in the U.S. than in China [44]. Another factor
that influences the spatial mismatch of these centers is income inequality and education.
Generally, the highly educated, and high-income population resides away from the urban
centers where there is ample opportunity to reach out to nature [13]. This land is usually
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costly, which is not affordable to everyone. A study carried out in 10 metro areas in the
U.S. found that the distributional equality of urban green space significantly depended
on higher education, higher income, and race except for two metro areas—Jacksonville,
FL, and St. Louis, MO-IL, less-educated and Latino populations had more access to green
spaces [65]. Arguably, income and education highly influence housing area and park
establishment (one form of green space) in urban areas. Highly educated and high-income
populations have more willingness to pay to live in areas with more green space, less traffic
congestion, and quieter neighborhoods [66].

In recent years, it was estimated that 64.7% of the people in China live in urban areas,
and China has experienced one of the fastest urbanization rates in the world [67,68]. The
rate of urbanization has increased from 10.64% to 59.58% between 1949 and 2018 [68,69].
The UN projected that 68% of the world population will live in urban areas by 2050.
The urbanization process has also triggered an increase in green infrastructures such as
public parks. While examining a temporal trend of green space and urbanization, Zhao
et al. [69] found that the green space increased from 17 to 37 depending upon the urban
areas between 1989 and 2009. The same study also found that the urban green space in
Chinese cities increased between 2000 and 2017. In the case of Chinese cities, most of the
urban areas are expanded from core cities to the countryside (urban sprawl), which might
also have increased urban green space. In addition, the local and national government also
encourages, supports, and helps in planning green spaces in cities [7,69].

Urban planning plays a critical role in maintaining and designing green space through
policies or by educating dwellers on the importance of green space in urban areas [10]. Both
the U.S. and China have three layers of government [63,67]. The government sets the ground
rules in both countries to balance the planning of cities that are environmentally friendly,
but the Chinese government intervenes more directly than the U.S. government [67]. The
planning process is a more interactive and bottom-up approach in the U.S. and is quite
often political [63], for example, if a city government wants to establish a park that requires
large funding, if the city government differs from the state or federal government politically,
the grant may not be sanctioned, halting the establishment of the park. In contrast, China
has a top-down and centralized policy, with all levels of governments having policies
to enhance green spaces in the planning process; there is a clear lack of understanding
between agencies about who is responsible for urban greening [26,67]. Since China has a
top-down and centralized policy, there is a lack of opportunity to create a better relationship
between policymakers and a diverse range of urban dwellers [26,67]. The development
pattern of Chinese cities somewhat mimics the development pattern of the post World War
II era in the U.S. cities [67]. Population centers moved away from the core urban areas to
living in suburbia as the economy improved and people become more car-dependent and
relied less on public transport.

Planning and design processes must include urban agriculture in their planning
process, not only green spaces such as parks and river belts. Green space should be planned
in terms of ecosystem functions, services, and benefits, not merely recreation. Thus, good
planning must possess multifunctionality, local identity, history, traditions, culture, social
networks, and economic networks. The emergence of the COVID-19 pandemic in early 2020
showed the importance of green spaces in urban areas for people to be healthy, physically,
mentally, and economically [70–72]. Thus, future planning of urban areas should be people-
and environment-centric rather than economic-centric.

A limitation of this study is that agricultural areas were included as green spaces
because these areas provide some aesthetic value. This inclusion might have skewed some
directional properties of the core green spaces, which are generally considered as parks
and wooded areas in and around housing areas. A finer-scale resolution of movement of
different types of green space would allow for the investigation of green space inequalities
among socio-economic groups [66]. Another limitation is that the population data of the
U.S. cities for the years 2005, 2015, and 2017 were estimates based on the census data of
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2000 and 2010. These data are as good as the estimating algorithm used by the census
bureau of the U.S.

6. Conclusions

Using the gravity method and circular statistics, the movement of the gravitational
centers of population, economic, and green space centers of 10 different cities of the U.S.
and China were analyzed. In most cases, the population and economic centers moved
similarly, whereas the green spaces displayed no particular trend and pattern. In addition,
all three centers can move alongside each other, except for special cases such as natural
barriers or some restrictive planning process.

Access to green space in urban areas is important for various reasons, including the
maintenance of urban ecology and a place for the safe socialization of human occupants.
Thus, it is important to make people- and environment-centric urban plans and policies to
create well-designed green spaces to support urban public health.

In future studies, it would be useful to isolate core urban green spaces and agricultural
areas separately to understand whether agricultural green space impacts the directional
movement of the centers. It would also be important to classify the population centers
based on race, age groups, and income to determine their relationship to the movement
of green space and economic centers. It is known that there is a clear difference in urban
management plans and policies between the U.S. and China. Consequently, a comparative
study of management procedures and their challenges can assist planners in either country
to come up with more integrated policy-making procedures. It would also be informative to
conduct similar analyses of urban green spaces in other areas of the world such as Europe,
where urban centers have a long history of human settlement and urban development.
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